In this paper, we propose a novel method based on the second-order conditional maximum a posteriori (CMAP) to improve the performance of the global soft decision in speech enhancement. The conventional global soft decision scheme is found through investigation to have a disadvantage in that the global speech absence probability (GSAP) in that scheme is adjusted by a fixed parameter, which could be a restrictive assumption in the consecutive occurrences of speech frames. To address this problem, we devise a method to incorporate the second-order CMAP in determining the GSAP, which is clearly different from the previous approach in that not only current observation but also the speech activity decisions of the previous two frames are exploited. Performances of the proposed method are evaluated by a number of tests in various environments and show better results than previous work.
Introduction
Recently, there has been increasing interest in noisy speech enhancement for speech communication systems. Many approaches to the spectral weighting rule have been investigated in order to achieve speech enhancement. These include the spectral subtraction [1] , [2] , Wiener filtering [3] , soft decision [4] , and minimum mean square error (MMSE) criterion [5] approaches. These methods are widely used because they are fairly straightforward to implement, they can effectively remove various ambient noises, and they have a low computational load.
The soft decision algorithm is successful because its can be further improved by incorporating the advantage of the soft decision scheme. Indeed, soft decision can adaptively modify the noise suppression rule or update the noise power according to the absence or presence of speech. Furthermore, in [6] , the soft decision scheme is performed globally, i.e., the global soft decision of speech activity is determined for a given frame rather than for each frequency bin to derive a robust estimate of the probability of speech absence. Here, we observe that computation of the global speech absence probability (GSAP) eventually relies only on the current observation, which prevents obtaining a reliable estimate in various noise environments.
To address this problem, we propose a novel method to incorporate the second-order conditional maximum a posteriori (CMAP) criterion. Since the CMAP is originally moti- vated by the observation that the speech presence of a given frame depends not only on the current observation but also on the voice activity in the previous frame, we can effectively improve the computation of the GSAP by resolving the aforementioned issue. Note that a conventional fixed parameter used in computing the GSAP is adjusted by the inter-frame correlation conditioned on the determination of the voice activity in the previous two frames based on the second-order CMAP. The performances of the proposed algorithm are evaluated using a subjective test, and the proposed algorithm is shown to yield better results than the original algorithm proposed in [6] .
Review of Global Soft Decision
We assume that a noise signal n(t) is added to a speech signal x(t), with their sum being denoted by y(t). There are two hypotheses H 0 (k, l) and H 1 (k, l) in the time-frequency domain, which indicate speech absence and presence, respectively. It is assumed that
respectively. In addition, k denotes the kth frequency bin, l is the frame index, and M is the total number of frequency components. Based on a Gaussian assumption of the clean speech and noise spectra, the probability density functions conditioned on H 0 (k, l) and H 1 (k, l) are assumed to be [6] 
where λ n (k, l) and λ x (k, l) are the variances of the clean speech and noise, respectively. Conditioned on the current observation Y(l), the GSAP is computed using the Bayesian frame globally such that [6] Copyright c 2010 The Institute of Electronics, Information and Communication Engineers
Since the spectral component in each frequency bin is assumed to be statistically independent, Eq. (4) can be converted to
where
P(H 0 ) ) represents the ratio of the a priori probability of speech absence, which is assigned to be a fixed value in the previous approach [6] though it is a crucial parameter in determining the GSAP. With the source assumptions given in Eq. (2) and Eq. (3), the likelihood ratio Λ(Y(k, l)) can be written as follows:
where the a priori signal-to-noise ratio (SNR) ξ(k, l) and a posteriori SNR γ(k, l) are defined by [5] 
Enhanced Global Soft Decision Based on SecondOrder Conditional MAP
As we mentioned in the previous section, q is assumed to be constant for all the analyzed frames. Note, however, that even if q is the ratio of the prior knowledge of speech absence and presence, we could allow for a different value by tracking in time because q denotes both the average number of frames that contain speech and the average number of frames that do not contain speech. Hence, we consider the interframe correlation of speech because of the GSAP, which eventually results in the adjustment of q in an on-line fashion. For this, we need to recall the GSAP P(H 0 |Y(l)) incorporating q as specified in (5) . Here, it should be noted that Shin et al. [7] introduced a novel technique to voice activity detection (VAD) considering the inter-frame correlation of voice activity based on the conditional maximum a posteriori (MAP) criterion. The conditional MAP is originally motivated by the observation that the speech presence of a current frame is dependent not only on the current observation but also on the voice activity in the previous frame since speech is considered to be quasi-stationary. This implies in our approach that P(
where p(H(l)) denotes the correct hypothesis at the lth frame. Based on this, we derive the new GSAP conditioned on the current observation Y(l) and the speech presence decision in the previous two frames as below:
where i = 0, 1, and j = 0, 1.
If we assume that the speech presence of the current frame dominantly determines the distribution of the observed signal Y(l), (9) is simplified as follows:
where we realize that conventional q given in (5) is replaced by multiple parameters q i j in the second order CMAP-based GSAP derivation. Here, we realize that the parameter q i j has four values conditioned on the voice activity decision of the previous two frames as follows:
This time, for example, it is known that the parameter q 00 is used if absence of the speech signal is detected in the first and second previous frames and the parameter q 01 is used if absence of the speech signal is detected in the first previous frame while the presence of the speech signal is detected in the second previous frame. What we should note is that multiple parameter values with an additional degree of freedom can provide more accurate speech absence probability. Furthermore, these multiple parameters are combined into the single threshold q i j by incorporating the advantage of the soft decision, i.e., with each speech absence probability of the previous two frames as below:
From Fig. 1 , as a typical example, it is not difficult to see that the proposed approach is found to be superior to the conventional global soft decision approach since the new GSAP provides a more accurate shape of the corresponding speech segment. Using the new GSAP, we adopt the speech enhancement algorithm based on a minimum mean square error (MMSE) criterion for obtaining a clean speech Fig. 1 Comparison of speech presence probability under F16 noise (SNR = 10 dB) (a) noisy speech waveform (b) Clean speech waveform (c) Speech presence probability in short-time frames: Probability of conventional global soft decision (dashed line), probability of proposed method (bold line).
estimate. Specifically, the GSAP incorporating the secondorder CMAP is combined with the noise suppression gain as follows:
Experimental Results
The proposed approach was evaluated with quantitative quality testing in various noise environments. One hundred test phrases, spoken by four male and four female speakers, were used as experimental data. The phrases were taken from the NTT database, and each consisted of two different meaningful sentences and lasted 8 s. We added three types of noise sources white, car and f16 noises from the NOISEX-92 database to the clean speech waveform at SNRs of 5 dB, 10 dB and 15 dB. By overlapping the adjacent frame (3 ms), the input signal was processed every 10 ms with an 8 kHz sampling frequency.
To evaluate the performance of the presented method, we measured opinion scores which are decided by a group of ten listeners and then averaged to yield the final mean opinion score (MOS) results [10] . In the conventional global soft decision scheme, the value of parameter q is fixed as 0.0625. However, in our approach, multiple parameters based on the CMAP are experimentally selected such that, q 00 = 0.0246, q 01 = 0.0738, q 10 = 479, and q 11 = 53.41 for perceptual quality enhancement. Table 1 , indicating the MOS scores, shows that under the given noise environments the proposed second-order CMAP-based global soft decision method has higher scores than the original speech enhancement approach based on global soft decision (SEGSD). In fact, as shown in Fig. 2 showing the spectrograms obtained with the conventional method and proposed algorithm, the proposed approach was able to preserve even weak sounds of the speech tails while further reducing the residual noise. Hence, it is evident that the incorporation of the proposed second-order CMAP-based global soft decision has definitely a positive effect in terms of the subjective quality of enhanced speech.
Conclusion
In this study, we have proposed a novel approach to incorporate second-order CMAP into the conventional global soft decision scheme. The speech presence probability was adjusted by incorporating a more flexible parameter conditioned on both current observation and voice activity decision in the previous two frames. Compared to the original method, the second-order CMAP improves the performance of the GSAP, which yields higher MOS scores under various noise conditions.
